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ABSTRACT 
An accurate knowledge of cage occupancy of methane is central for understanding the physical-
chemical properties of gas hydrates, the actual inventory of natural gas in hydrate deposits and the 
description of gas exchange processes. Here we report the absolute cage occupancies, the cage 
occupancy ratios and hydration numbers of the synthetic CH4-H2O and CH4-D2O hydrates formed 
from the ice-gas system under different pressures and temperatures. The results were obtained 
from Rietveld refinement using high-resolution synchrotron X-ray powder diffraction patterns and 
from Raman spectroscopic measurements. The small-cage occupancies of methane in the 
deuterated hydrates are found to be slightly higher than in the hydrogenated form, likely due to 
their different lattice constants. The CH4 occupancy in the small cages agrees fairly well with the 
predictions of CSMGem at the formation pressure of 3.5 MPa, but with the increasing formation 
pressure the disagreement grows up to 11 percent. While some deficiency of the prediction model 
cannot be excluded, the observed discrepancy may well be due to experimental difficulties of 
reaching true equilibrium at higher pressures. The experimentally-determined large-to-small cage 
occupancy ratios of the synthetic and natural CH4 hydrates formed from the water-gas system are 
consistently higher than the results of CSMGem calculations. Possible reasons for these 
discrepancies will be discussed.   
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INTRODUCTION 
Natural gas hydrates (NGHs) have been attracting 
an increasing attention due to the potential as an 
energy resources, their storage capacity for the 
greenhouse gas CO2, as well as their relevance to 
submarine geohazards and global climate change, 
e.g. [1-3]. Gas hydrates are also the origin of 
costly blockages of gas and oil pipelines operated 
at the elevated pressures [4]. These energy-related, 
environmental and engineering concerns require a 
detailed understanding of structure, phase 
equilibrium and composition of gas hydrates.  
Gas hydrates are non-stoichiometric crystalline 
materials in which small molecules are 
enclathrated into hydrogen-bonded water cages via 
van der Waals-type guest-host interactions. 
Methane hydrates, the most abundant naturally-
occurring gas hydrates, are usually found to form a 
cubic structure I (sI) [5]. The unit cell of sI hydrate 
is comprised of two small cages (512, SCs) and six 
large ones (51262, LCs) with a total of 46 water 
molecules. Methane molecule occupies both cages, 
but the cage occupancies are non-stoichiometric 
with some vacancies. The cage filling depends on 
the fugacity of the guest species in the gas phase 
during formation/equilibration as well as on the 
molecular interactions between the guest and the 
host lattice. Therefore, the cage occupancy θ can 
give insight into the fundamentally physical-
chemical interactions in gas hydrates. The general 
chemical formula of methane hydrates is 
CH4.nH2O, where n is the hydration number 
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referring to molar water molecules per methane 
molecule in methane hydrates. For the limiting 
fully occupied sI CH4 hydrate, n is equal to 5.75. 
The hydration number can be experimentally 
derived in three ways: the experimental 
determination of cage-occupancies  [6-8], a 
thermodynamic analysis of phase equilibria 
data [9,10] or a direct measurement of the water-
to-gas ratio after CH4 hydrate dissociation [4,11-
13] or gas uptake during hydrate formation. 
Methane hydrate hydration numbers were reported 
over a wide range from 5.77 to 7.40 [4,6-13]. The 
direct measurement method suffers from some 
problems, such as the occlusion of the unreacted 
ice or water in the hydrate crystals during forma-
tion [13], and the new formed ice arising from 
hydrate dissociation and the trapped interstitial sea 
water during core recovery [14]. Methane hydrate 
stoichiometry determined by an experimental 
determination of the cage occupancies is not 
directly affected by the presence of ice. The 
hydration number of sI CH4 hydrates can be calcu-
lated by, 
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The accurate determination of the cage occupancy 
and hydration number allows for a better 
prediction of the actual inventory of natural gas in 
NGH reservoirs [1,15].  
A large number of experimental and theoretical 
studies have addressed various aspects of cage 
occupancy and phase equilibria of gas hydrates. X-
ray diffraction, nuclear magnetic resonance 
(NMR) and Raman spectroscopy are the most 
effective and widely used techniques for 
characterizing guest distributions in hydrate 
cavities. Diffraction is the only method to provide 
the accurate absolute cage occupancies of gas 
hydrates without further assumption or calibration. 
Single crystal X-ray diffraction is a powerful 
tool [16], yet sample preparation is more complex 
than for powder samples due to the generally 
rather small crystallite size leaving some scope for 
powder diffraction [17]. Only a few studies using 
single-crystal diffraction were reported for 
synthetic and natural gas hydrates [17-19]. X-ray 
powder diffraction is generally more suitable for 
gas hydrate studies, but also bound with problems 
resulting from the extensive disorder of both host 
lattice and guest positions. Particularly severe are 
parameter correlations among guest positional 
coordinates, guest occupancy and the thermal 
displacement parameters of the guests. In order to 
disentangle these correlations usually one needs to 
fix some of these parameters which in turn will 
cast doubts on the remaining freely refined values. 
Yet, most problems with these parameter 
correlations can be overcome by using very high 
quality synchrotron powder diffraction data 
extending to large scattering angles [20]. 
Spectroscopic techniques, like Raman and solid-
state NMR, are powerful tools to investigate the 
small-to-large cage occupancy ratio of CH4 in gas 
hydrates due to the good separation of CH4-
contributions in the LCs and SCs. Raman 
spectroscopy features high spatial resolution, 
whereas the compositional information given by 
Raman needs to calibrate the Raman scattering 
cross section for each species [6-8,21-33]; NMR is 
thought to provide more quantitative 
information [29,32,34-39], yet is often less 
accessible. The agreement on the cage occupancy 
ratio of CH4 in sI CH4 hydrates [29,34,35], cross 
calibrated by NMR and Raman, indicates that 
Raman scattering is a reliable tool, at least for sI 
CH4 hydrates. In general, the absolute cage 
occupancies can be obtained by the integrated 
peak intensities of CH4 in the LCs and SCs with 
thermodynamic constraints deduced from the van 
der Waals and Platteeuw (vdWP) model [40]. 
Recently, Raman scattering has been proposed as 
an independent tool to quantify gas hydrates by 
calibrating the relative Raman cross sections of 
guests and host cavities in the hydrate phase [6]. 
Unfortunately, only a limited number of 
experimental results performed under various gas 
hydrate formation conditions are available and 
they are not always consistent with each other. A 
variety of thermodynamic models have been 
developed for predicting phase equilibria and 
composition of gas hydrates [41-50]; most of them 
are based on the statistical theory proposed by van 
der Waals and Platteeuw (vdWP) [40]. The main 
difference of these models is the way to deduce the 
guest-host interaction potential. Parrish and 
Prausnitz generalized the original vdWP model 
and applied it for the multicomponent gas hydrates 
using the Kihara spherical core potential [41]. 
Ballard and Sloan improved the prediction by 
considering the distortion of the hydrogen-bonded 
hydrate cavities changing as a function of guest 
molecules [43]. Incorporating this modified vdWP 
model along with performing a multiphase Gibbs 
energy minimization, the user-friendly program, 
CSMGem, was developed and has been widely 
used in industrial settings [44]. One of main 
disadvantages of the Kihara potential is that the 
parameters need to be regressed from the available 
experimental data of phase equilibrium and cage 
occupancy, which makes the quality of the results 
crucially dependent on the accuracy of the 
experimental data. Recent work has suggested that 
intermolecular potentials directly calculated by ab 
initio quantum mechanical methods improve the 
prediction of hydrate properties [45-50]; the 
predicted cage occupancies are quite sensitive to 
the chosen intermolecular potential, even for pure 
methane hydrates [51]. Molecular simulation 
techniques are also useful tools to probe 
phenomena at the molecular level in gas hydrates 
and to assess the validity of the underlying 
approximations built into the vdWP theory, e. 
g. [52-54], yet these methods require more 
computation time and capacity [5]. 
Although the original vdWP model and its 
subsequent modifications have predicted the 
dissociation pressure of methane hydrates with 
some success  [46], the observed discrepancies in 
cage occupancies between experiments and 
models imply that our understanding still needs to 
be improved [55], especially for the likely 
overestimation of CH4 in the SCs [46,48]. This 
disagreement arises from the assumptions built 
into the vdWP theory and/or the scarce and 
inconsistent experimental values of the cage 
occupancy of CH4.  
In this study, the hydrogenated and deuterated sI 
CH4 hydrates formed under different isobaric-
isothermal conditions are investigated. The 
absolute cage occupancy, cage occupancy ratio 
and hydration number of CH4 hydrates were 
determined by the measurements of high 
resolution synchrotron X-ray diffraction as well as 
Raman spectroscopy on identical samples. Then, 
our results are compared with the predictions of 
thermodynamic models, and the available 
experimentally-determined cage occupancy ratios 
of synthetic and natural methane hydrates 
(NMHs). These comparisons may help to improve 
our understanding of methane hydrate formation 
from the ice/water-gas system and lead to a more 
accurate model to predict cage fillings of gas 
hydrates. 
EXPERIMENTAL SECTION 
Methane hydrates were prepared from hexagonal 
H2O or D2O ice and CH4 gas (purity 99.995%) 
under isobaric and isothermal conditions. The 
spherical H2O or D2O (purity 99.9% deuterated) 
ice particles with a typical diameter of tens of μm 
were formed by spraying water into liq. N2 [56]. 
D2O ice was produced in a glovebox under dry N2 
atmosphere to prevent the isotopic contamination 
from the atmospheric H2O. Ice particles were filled 
into an Al-vial with an inner diameter of 6.7 mm 
or in a larger PFA-jar, which was inserted into a 
precooled custom-built pressure vessel where 
temperature was controlled by a circulating 
cryostat bath. After air and residual nitrogen were 
eliminated from the vessel by flushing with 
methane for several times, the sample cell was 
immediately pressurized to the designated 
pressure; the pressure was continuously monitored 
with a pressure transducer (Ashcroft) calibrated to 
a mechanical high-precision Heise gauge. During 
the reaction, pressure was manually maintained to 
the set point within 0.1-0.2 MPa. All formation 
reactions ran for 3 weeks. At the completion of the 
reaction, the pressure cell was rapidly quenched in 
liq. N2 and pressure was concomitantly released. 
The recovered samples were ground and sieved 
under liq. N2 for the following synchrotron powder 
diffraction and Raman measurements, and stored 
under liquid N2.  
The powder diffraction data were acquired on the 
high-resolution diffractometer ID31 at ESRF 
(Grenoble, France) equipped with a nine crystal 
multi-analyzer stage. The wavelength was 
determined to be 0.403027 Å by using a silicon 
standard powder. The sample holder, a small 
quartz glass capillary with an inner diameter of 
1.0-1.7 mm, was mounted vertically to the 
synchrotron beam (Bragg-Brentano geometry; 2θ-
range of at least 0-48°, in some cases 0-100°) and 
spun with 300 rpm to improve grain statistics at 
each measured step. In addition, measurements 
from different sample positions and within 
different 2θ-ranges were taken and merged 
together. To prevent sample from decomposing 
and to achieve a low-noise diffraction pattern, the 
samples were cooled by a coaxial N2 stream set to 
a nominal temperature of 100 K. The actual 
temperature at the sample was ~ 135±10 K, 
depending on the location of the sample in the N2 
stream. 
Raman measurements were performed using a 
LabRAM HR800 (Horiba Jobin Yvon) Raman 
spectrometer equipped with a Peltier-cooled CCD 
detector (DU 420A, Andor). The instrumental 
parameters were set to: 600 grooves/mm grating, 
Ar+ laser (Innova 90C, Coherent) emitting 
wavelength of 488 nm at the output power of 20.5 
mW, 50× long-working distance objective 
(Olympus) and 100 μm confocal hole. The laser 
beam focused on the surface of hydrate samples 
within a diameter of around 1.1 μm and the Raman 
signals collected in backscattering geometry 
(180°). These configurations allow Raman spectra 
to be collected with a spectral resolution of 2.2 cm-
1. Spectrum was acquired in an averaged two 
accumulations of 30 s exposure time. Hydrate 
samples were placed in a cooling stage (Linkam 
THMS600) and measured at 113±0.1 K under the 
ambient pressure of liq. N2. The Raman peaks 
were fitted in the region of interest as described 
in [6].    
 
STRUCTURAL ANALYSIS 
All diffraction data were analyzed in full-pattern 
crystallographic structure refinements using the 
program GSAS [57]. Zero shift, lattice parameters 
and angle-dependent profile functions with 
Lorentzian and Gaussian components were 
refined, see Figure 1. The background could not be 
properly fitted by the implemented functions 
because of the highly irregular diffuse scattering 
by the glass capillaries. Hence background points 
were set manually and linearly interpolated in 
GSAS. Structural parameters could be determined 
with high precision because of a very high 
reflection to parameter ratio and the very high 
resolution in 2θ (nominal instrumental 
contribution to peak broadening was 0.003°). 
Isotropic atomic displacement factors (Uiso) and in 
some cases even anisotropic ones (Uaniso) of guest 
molecules and cage fillings could be refined 
simultaneously, which was possible due to the 
large useful 2θ-range of 0-50° (sin θ/λ: 1.05 Å-1) 
with 1472 unique observed hydrate reflections. 
The initial structural parameters for the framework 
atoms were taken from neutron diffraction results 
obtained for CH4-D2O hydrates synthesized at 6 
MPa and 273 K [58]. Oxygen framework positions 
and their Uiso’s were refined first, and finally new 
framework hydrogen positions were calculated. 
The neutron-derived positions were taken and 
shortened to O-H/D-distances of 0.7 Å, as it is 
customary for X-ray data to account for the 
electron density maximum of H-bonded H atoms. 
The guest models for the LCs and SCs were also 
taken from [58]. The C-atoms were set into the 
middle of the cages (CSC = 0 0 0 and CLC = 0.25 
0.5 0), and the H-atoms were arranged in such a 
way – that they were on crystallographic positions 
with maximized multiplicity to simulate a surface 
of a sphere. Starting Uiso’s were taken from [58], 
whereupon Uiso’s of C-atoms were reduced by half 
and the Uiso’s of H-atoms by 10% accounting for 
the low temperature during the measurements. At 
first, cage occupancies were refined freely. In case 
the refined large cage occupancy exceeded slightly 
100%, the large cage filling was set back to 100%. 
The isotropic displacement parameter was fixed 
for the C-atom in the SC to a value close to the 
displacement parameter of the framework oxygen 
atoms, but could be refined anisotropically for the 
C-atom in the LC. The improvement of the fit by 
refining the Uaniso’s of the C-atom in the LC was 
found to be statistically significant [59]. 
 
 
Figure 1 Rietveld plot of the synchrotron 
diffraction data of sI CH4-H2O hydrates 
synthesized at 6 MPa within the 2θ range of 2-18°. 
The top and bottom bars represent the Bragg peak 
positions of CH4 hydrates and ice Ih, respectively. 
The bottom line corresponds to the difference 
between the observed and calculated patterns.  
 
RESULTS AND DISCUSSION 
Synchrotron X-ray diffraction 
Structural parameters of framework and guest 
molecules can be accurately refined from the high-
quality synchrotron diffraction data. Because the 
position and disorder of CH4 molecules is well 
described by our model and by using anisotropic 
atomic displacement parameters for the C-atom in 
the LC, all small cage occupancies could be 
refined freely in most cases. Some of the LC 
occupancies refined to values larger than 100% 
and were subsequently fixed to 100%. The most 
important structural and compositional results of 
CH4 hydrates determined by the analysis of 
synchrotron diffraction patterns are listed in Table 
1. As it can be seen, the weight percentages of ice 
No. Cage T P Rwp a 
D
LC   
D
SC  /
D D
LC SC   n Ice Nd 
 type K MPa % Å % %   wt.%  
1 D2O 271 3.5 4.80 11.85808(2) 99.6(1.0) 85.8(1.3) 1.16(3) 5.98(6) 62.76(7) 5 
2 D2O 271 6 7.95 11.85688(2) 98.9(3) 85.6(4) 1.16(1) 6.02(2) 32.86(6) 9 
3 D2O 271 10 12.89 11.85661(6) 100.0(5)
a 87.3(8) 1.15(1) 5.94(4) 35.63(13) 3 
4 D2O 271 15 8.92 11.85770(4) 100.0(5)
a 88.5(4) 1.13(1) 5.92(2) 18.77(7) 3 
5 H2O 268 3.5 8.28 11.85474(2) 98.3(3) 85.6(4) 1.15(1) 6.04(2) 30.45(6) 3 
6 H2O 268 6 8.90 11.85627(2) 100.0(5)
a 87.1(5) 1.16(1) 5.94(3) 38.23(8) 3 
7 H2O 268 10 15.29 11.85448(11) 100.0(5)
a 87.0(9) 1.15(2) 5.94(4) 46.45(12) 3 
8 H2O 268 15 8.53 11.85484(4) 100.0(5)
a 85.4(4) 1.17(1) 5.97(2) 27.71(7) 3 
 
Table 1 Crystal structure analysis of sI CH4 hydrates: lattice parameter a, the cage filling θ and hydration 
number n. Rwp and Nd are the weighted R-value and number of scans (esd’s are quoted in parentheses), 
respectively. a θ was fixed to 100%, and esd’s were estimated. 
 
in the recovered CH4 hydrates are very high. It 
means that the conversion of ice to CH4 hydrates is 
not complete after 3 weeks of gas-ice reactions. 
The results show that the LCs are nearly full, 
while 11-15% of SCs are vacant. For the 
deuterated CH4 hydrates, the small cage 
occupancy increases somewhat with the increasing 
formation pressure, yet the hydrogenated CH4 
hydrates do not clearly show this expected trend. 
The lattice parameters of deuterated CH4 hydrates 
are slightly larger than that of hydrogenated ones 
and do not show any dependency on the cage 
filling. The difference in lattice constants (and thus 
in cage volume) likely at the origin of the higher 
SC filling in the deuterated hydrates; the 3 K 
difference in temperature can be negligible. 
Raman spectroscopy  
As shown in Figure 2, when CH4 molecules are 
encaged into the sI hydrogenated or deuterated 
hydrates cavities, the Raman band of the totally 
symmetric stretching-vibration mode of C-H splits 
into two peaks at ~2901 and 2913 cm-1, assigned 
to CH4 in the LCs and SCs, respectively [6]. A 
significant background change from CH4 gas to 
the deuterated CH4 hydrates can be observed in the 
2830-3200 cm-1 range. It is likely to result from 
guest-host interactions. A similar behavior is 
expected for the hydrogenated hydrates, which 
cannot be observed due to the overlapping with the 
O-H stretching bands. The large-to-small cage 
occupancy ratio of CH4 in sI CH4 hydrates can be 
obtained by,  
/
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Figure 2 Typical Raman spectra of CH4 hydrates 
and CH4 gas over the wavenumber of 2830-3600. 
 
where A and σ are the integrated peak area within 
the specific range and the corresponding Raman 
scattering cross section, respectively. The average 
σLC/σSC for the investigated samples is ~0.97 
within 2830-3000 cm-1 [6]. In this study, to 
compare the results determined by synchrotron X-
ray diffraction with Raman measurements, only 
Eqn. 2b is considered. The relative cage 
occupancies of CH4 in the hydrogenated hydrates 
are in a good agreement with those of the 
deuterated hydrates over 2830-3000 cm-1, but 
several percent higher than those over 2830-3600 
cm-1, see table 2. The lower ratios may be caused 
by the above-mentioned background change. 
Therefore, the cage occupancy ratios of CH4-H2O 
hydrates derived over 2830-3000 cm-1 are thought 
to be more accurate.  
The absolute cage occupancies of CH4 in the LCs 
and SCs were calculated from the Raman peak 
intensities, using the relative Raman quantification
No.  RQF  Thermodynamic expression Nd 
 1 1/R RLC SC  
R
LC % 
R
SC % Ice wt.%  
2 2/R RLC SC  
R
LC
%  1RSC % n 
1 - 99 86(1) 10(10) 1.148(14) 98.99 86.23 5.98 15 
2 - 99 87(1) 6 (6) 1.125(11) 98.95 87.95 5.95 15 
3 - 99 89(3) 6(10) 1.100(23) 98.88 89.89 5.92 15 
4 - 99 91(2) 7(8) 1.077(20) 98.80 91.74 5.90 16 
5 1.09(2) 99 84(1) 19(8) 1.150(17) 98.87 85.97 5.98 16 
6 1.07(2) 99 86(2) 28(15) 1.135(26) 98.83 87.08 5.97 12 
7 1.05(2) 99 87(1) 12(5) 1.110(24) 98.77 88.98 5.94 14 
8 1.04(2) 99 88(2) 13(6) 1.102(21) 98.75 89.61 5.93 11 
 
Table 2 Cage occupancies, cage occupancy ratios and hydration number of CH4 hydrates determined by 
Raman.  1 1/R RLC SC  was calculated by the peak areas integrated over 2830-3600 cm
-1 for the hydrogenated 
hydrates.  2 2/R RLC SC integrated over 2830-3000 cm
-1 was previously report [6].  
 
factors (RQFs) of CH4 to H2O/D2O [6,60], or the 
statistical thermodynamic expression (Eqn. 3). The 
peak intensities of CH4 and H2O of CH4-H2O 
hydrates integrated over 2830-3600 cm-1 and the 
corresponding RQFs corrected for the presence of 
ice Ih [60] were used to determine the absolute 
cage occupancy, while the peak areas of CH4 over 
2830-3000 cm-1 and D2O over 2100-2830 cm
-1 and 
the relative RQFs were applied for CH4-D2O 
hydrates [6]. Due to the inhomogeneous nature of 
the ice-to-hydrate conversion reaction a sample 
spot with high intensity of CH4 was manually 
selected, but the presence of some ice in the focal 
spot could not be excluded; the straightforward 
application of RQFs established in [6] is therefore 
not possible. To solve this problem, the large cage 
fillings were set to 99%, a value close to the 
diffraction results (Table 1). With this assumption, 
the SC fillings, as well as the ice concentration in 
the measured particles can be determined, see 
entries in Table 2 with grey background. The 
estimated percentages of ice in the local spots 
measured by Raman scattering are much lower 
than the space-averaged results determined by 
diffraction (Table 1). This procedure can be 
applied to in situ estimations of the concentration 
of ice Ih in natural methane hydrate reservoirs, and 
avoid the overestimation of the hydration number. 
If water or seawater exists, the difference in the 
RQF can introduce larger uncertainty [61]. 
In the equilibrated ice-gas-hydrate system, 
assuming (1) the guest-guest interactions are 
negligible; (2) the host cages are rigid and one 
cage only holds one guest molecule; (3) classical 
statistics are valid [40], the chemical potential 
difference between the metastable empty hydrate 
and filled sI hydrate cavities is expressed as, 
0 0( , ) ( , ) ( , )
    H HT P T P T P      
                 3ln(1 ) ln(1 )
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where μβ(T0, P0) is the chemical potential of the 
hypothetical empty hydrate at reference 
temperature T0 and pressure P0, usually taken as 
273.15 K and 0 MPa, and μH(T, P) denotes the 
chemical potential of water in the hydrate phase 
under certain temperature and pressure. Obviously, 
if the absolute cage occupancies are accurately 
known for given formation conditions, ∆μH can be 
directly derived. With the unprecedented precision 
of our synchrotron diffraction results, it may 
appear tempting to calculate ∆μH using Eqn. 3. 
However, as the chemical potential varies with the 
cage filling in a logarithmic function, for fractional 
fillings approaching 100%, ∆μH becomes very 
sensitive to θ’s (Eqn. 3). Assuming the LC 
occupancies larger than 99% in Table 1 are 99%, 
the averaged ∆μH’s for the deuterated and 
hydrogenated hydrates derived from Eqn. 3 are 
1546±22 and 1493±81 J/mol, respectively; the 
quoted standard reflects the deviation from 
average and does not reflect the much bigger 
uncertainty of any systematic error. As the true  
μβ(T0, P0) of the hypothetic sI empty hydrate is not 
known with certainty, e.g. [62,63], these averaged 
∆μH’s were substituted into Eqn. 3, in 
collaboration with the cage occupancy ratio 
determined by Raman spectra integrated over 
2830-3000 cm-1 (Table 2), to tentatively determine 
the absolute cage occupancy. The results of 
methane hydrate stoichiometry are close to 6 for 
  
Figure 3 Cage occupancies of CH4 in sI hydrogenated (a) and deuterated CH4 hydrates (b) determined by 
diffraction patterns (circle) and Raman spectra (square) versus pressure plot, and comparison with the 
predictions of the thermodynamic models. Empty and solid symbols correspond to the LC and SC, 
respectively. 
 
both diffraction and Raman data, see Table 1 and 
2. 
Comparison of absolute cage occupancies  
As it can be seen in Table 2, the absolute cage 
occupancies determined by the RQFs and 
statistical thermodynamic experession agree well. 
The difference in the SC fillings determined by 
Raman and diffraction vary from being almost 
identical at 3.5 MPa up to 5% at 15 MPa, see 
Figure 3. This difference likely originates in the 
missing correction for the Raman cross sections of 
CH4 in the LCs to SCs [6], or (less likely) by the 
remaining systematic errors in the Rietveld 
analysis arising from the parameter correlations.  
As shown in Figure 3, the LCs are nearly 
completely filled for both the experimental 
determinations and the predictions. However, 
thermodynamic models seem to be inadequate to 
predict the SC filling, as it can be seen from the 
significant discrepancies among models. The data 
show a clear non-Langmuir behavior for the SC 
filling and a filling which is substantially lower 
than all predictions at higher pressure. The 
disagreement between the thermodynamic models 
is striking and a result of differently approximated 
guest-host/guest interactions. Given reliable 
experimental data, the capability to reproduce the 
experimental cage occupancy is a very critical test 
for a given prediction model. For methane 
hydrates formed at 3.5 and 6 MPa, our diffraction 
and Raman results agree reasonably well with 
CSMGem and Klauda & Sandler [47],  and are 
inconsistent with all other models. With increasing 
formation pressure, the diffraction results become 
up to 9% lower than Klauda & Sandler  [47] which 
predicts the lowest populations of CH4 in the SCs 
and up to 11% lower than CSMGem, while the 
Raman results still remain comparable. These 
large discrepancies in the SC-filling between 
models and our results can be caused by all or one 
of the following three aspects: the inadequacy of 
the prediction model(s), inaccuracies of the 
experimental approach and/or an incomplete 
equilibration during the formation of the hydrates 
investigated. While a clear answer cannot be given 
at this stage, some further comments may be given.  
Assuming that our ice-gas-hydrate system does not 
reach equilibrium, the lower SC-fillings can be 
plausibly interpreted by the permeation limitation 
of guest molecules, which could lead to an 
increasingly lower cage filling despite the higher 
driving forces at higher pressure [64]. Two effects 
can contribute to this phenomenon. With 
increasing degree of transformation at higher 
pressures the distance to the reaction front 
increases which slows down the equilibration 
process. Moreover, CH4 hydrates with higher cage 
occupancies were initially formed at the outer 
layer of ice particle in the ice-gas system at higher 
pressure. As empty cages are important for the 
diffusion of guest molecules through the hydrate 
lattice [64], this interface with only a few empty 
cages hinders the in-diffusion of CH4 molecules 
towards the ice core. Considering the very low
diffusion constant of CH4 in hydrates, in the order 
of ~ 10-15 m2/s or lower [64,65], the lower small 
cage occupancy determined by high-resolution 
diffraction may be due to the un-reached phase 
equilibrium. The case of CO2 hydrates lend further 
support to this suggestion – the absolute cage 
occupancies of CO2 hydrates formed in the ice-gas 
system at 1.5 and 3 MPa are consistent with the 
predictions by CSMGem [20]; due to the ~3 times 
higher diffusion constant of CO2 in a hydrate 
lattice the equilibration process will be faster 
[64,67]. 
 
 
Figure 4 Pressure plot versus difference in the 
cage occupancy ratio of CH4 in the synthetic sI 
CH4 hydrates and the calculated values by 
CSMGem under the same T-P. ◁  [8], △ [7], 
▷  [29], ◇   [22], ◮  [38], ◭  [21], ◑  [24], 
▽  [23], [28], [39], [26], [27], [25] (left to right). 
Circle and square denote CH4-H2O and CH4-D2O 
hydrates; solid and empty are the diffraction (this 
work) and Raman [6] results, respectively. The 
superscripts “exp” and “p” are the experimental 
and calculated values, respectively.  
 
Comparison of cage occupancy ratios 
To give a better view of the difference between 
experimental values and predictions in the cage 
occupancy ratio, the results for both the 
experimentally-determined values of sI synthetic 
CH4 hydrates (Figure 4) as well as the sI natural 
methane hydrates (Figure 5) are compared with the 
calculations from CSMGem [44], which has 
successfully predicted θLC/θSC [55]; CSMGem well 
reproduces some experimental results in 
references [8,21,22,38], particularly Jager’s work 
in which the θLC/θSC’s of CH4 hydrates formed 
from the water-gas system under pressures close to 
the dissociation pressures were determined by 
Raman spectra [22]. However, the capability to 
reproduce other results [7,8,21,23-29,36,39] 
including the results from our study is relatively 
poor. It is still difficult to draw final conclusions 
on the actual cage occupancy ratios of methane 
hydrates due to the scattered experimental 
formation conditions, the unknown quality of 
measurements and ambiguities in the way the data 
are analyzed. As the formation of CH4 hydrates in 
the ice-gas system is a very slow, permeation-
controlled process, the reaction time is 
determining whether the formation starting from 
ice has reached equilibrium or not. The cage 
occupancy ratio of methane hydrates synthesized 
from the ice-gas system for a few weeks were 
found ~21% lower than the prediction by 
CSMGem [26]. Subramanian’s results show that 
the cage occupancy ratio of CH4 hydrates formed 
for 2 years are ~13% lower than the one for a 
sample reacted for two months using NMR [29]. 
Furthermore, this θLC/θSC value is identical with 
the prediction by CSMGem, see Figure 4. Based 
on our above-mentioned discussion and these 
observations, we come to the preliminary 
conclusion that CH4 hydrates formed in the ice-gas 
system for several days to weeks may not have 
reached equilibrium. Consequently, when deriving 
the absolute cage occupancy from Eqn. 3 and the 
cage occupancy ratio, the wrongly assumed 
equilibration may lead to an overestimation of the 
actual SC occupancy.   
The cage occupancy ratio of CH4 hydrates 
synthesized from the water-gas system was found 
to be independent of the reaction time [21], which 
suggests the water-gas-hydrate equilibrium can be 
reached shortly and the formation mechanism is 
not a permeation-controlled process. Moreover, 
the cage occupancy ratio of CH4 hydrates formed 
at the interface of water and vapor phase is ~11% 
lower than the dendrite hydrate formed underneath 
the interfacial hydrates and in the water-rich 
phase [21]. All the predictions by CSMGem in this 
study were calculated from the water/ice-gas 
system with the composition of 90 mol% CH4 and 
10 mol% H2O, based on the following concerns: 1) 
it is difficult to trace back to the measured 
positions whether in the gas-water interfacial layer 
or in the water-rich phase in the published 
literatures; 2) the gas-rich phase also locally exists 
as gas conduit has been observed in NGH 
veins [66]; 3) under some x-P-T conditions, the 
cage occupancy cannot be calculated by 
CSMGem. The available θLC/θSC’s are usually 
higher than the CSMGem predictions, see Figure 
4. Clearly, there are major uncertainties what 
concerns the expected range of θLC/θSC  ratios as a 
function of the formation process (water or gas 
excess). Moreover, it is not clear by which process 
natural gas hydrates are formed, nor even whether 
the hydrate formation from ice can be considered 
as a process with excess gas.   
 
Figure 5 Pressure plot versus difference in the 
cage occupancy ratios of CH4 in natural CH4-
hydrates and the calculated values by CSMGem 
under the same T-P. In [30], water depth is set as 
1200 m.  
 
Naturally occurring methane hydrates in marine 
environments are certainly be formed in the water-
gas system (either locally gas- or water-rich) and 
can be expected to have reached equilibrium. In 
this study, only guest compositions with more than 
99% CH4 and no reported H2S and N2 which are 
known to significantly influence the cage 
populations of CH4  [44] are considered. As shown 
in Figure 5, all available θLC/θSC data of NMHs are 
higher than the predictions by CSMGem. The P-T 
data in the gas hydrate reservoirs were directly 
taken from the references, or estimated from the 
sea water depth and sample depth below the sea-
floor; it should be noted that in some cases 
accurate P-T data of the retrieved samples were 
not available. There is also a general uncertainty 
about the formation conditions, in particular the 
presence or absence of free gas, for a number of 
MGH; these conditions will also affect the LC/ SC 
ratios. Nevertheless, the fact that for the natural 
CH4 hydrates (which are likely to be better 
equilibrated) the observed ratios are generally 
larger than the predictions suggests a deficiency in 
the prediction models.     
 
CONCLUSIONS 
The compositional and structural information of sI 
CH4-H2O and CH4-D2O hydrates determined by 
high-resolution synchrotron diffraction and Raman 
spectroscopy were reported. The LCs are found to 
be almost fully occupied, which agrees with the 
thermodynamic models. Our diffraction results 
show the SC fillings in the deuterated hydrates are 
slightly higher than that in the hydrogenated ones. 
This is ascribed to the slightly larger lattice 
parameters in the deuterated form. The relative 
Raman RQFs of CH4 to H2O/D2O or statistical 
thermodynamic expression, in cooperation with 
Raman intensities, are both used to determine the 
absolute cage occupancies. The Raman results 
agree well with each other, and are consistent with 
the diffraction results.  
There are large discrepancies in the predicted cage 
fillings among the various thermodynamic models; 
only CSMGem and the ab-initio based model are 
close to the experimental evidence at low driving 
force. However, the non-Langmuir behavior of the 
SC-occupancies with increasing CH4 formation 
fugacity may well be due to the lack of 
equilibration of the CH4 fillings during the 
preparation period of 3 weeks, in particular for the 
SCs. Both, the published and here determined 
LC/SC occupancy ratios of the synthetic and 
natural CH4 hydrates were generally found to be 
higher than the values predicted. The reason for 
these discrepancies remain unresolved; part of the 
uncertainty is due to the fact that the formation 
conditions apparently influence this ratio [21] 
combined with the fact that the exact formation 
conditions are of unknown, in particular for 
natural hydrates. Further NMR or ex situ Raman 
measurements are suggested to investigate the 
cage-occupancy difference between methane 
hydrates formed in the gas-water interfacial and in 
the water-rich phase. Furthermore, the 
deconvolution of in situ acquired Raman spectra 
with contributions of free gas, gas-saturated water-
rich phase and gas hydrates introduces additional 
uncertainties. Ex situ Raman and diffraction 
analyses of CH4-hydrate sample formed in the 
water-rich phase of the water-gas-hydrate-sand 
system and recovered from NMH reservoirs with 
no detectable gas conduits are under way.  
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